The intracellular signals that convert fast and slow motor neuron activity into muscle fiber type specific transcriptional programs have only been partially defined. The calcium/calmodulindependent phosphatase calcineurin (Cn) has been shown to mediate the transcriptional effects of motor neuron activity, but precisely how 4 distinct muscle fiber types are composed and maintained in response to activity is largely unknown. Here, we show that 4 nuclear factor of activated T cell (NFAT) family members act coordinately downstream of Cn in the specification of muscle fiber types. We analyzed the role of NFAT family members in vivo by transient transfection in skeletal muscle using a loss-offunction approach by RNAi. Our results show that, depending on the applied activity pattern, different combinations of NFAT family members translocate to the nucleus contributing to the transcription of fiber type specific genes. We provide evidence that the transcription of slow and fast myosin heavy chain (MyHC) genes uses different combinations of NFAT family members, ranging from MyHC-slow, which uses all 4 NFAT isoforms, to MyHC-2B, which only uses NFATc4. Our data contribute to the elucidation of the mechanisms whereby activity can modulate the phenotype and performance of skeletal muscle.
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skeletal muscle ͉ calcineurin ͉ myosin ͉ gene regulation S low and fast motor neuron activity triggers both muscle contraction and the transcription of activity-dependent genes, ensuring muscle growth and an adequate composition in fast and slow fibers. This characteristic, in turn, determines the specific performances of each muscle. Fiber type composition depends on developmental cues during embryogenesis, but activity is the major controller of fiber plasticity in the adult (1, 2) . Four muscle fiber types have been distinguished based on the kinetic properties of their myosin heavy chain (MyHC) ATPase: 1 type1/slow and 3 type2/fast. Slow fibers express MyHC-slow, are oxidative and fatigue-resistant, whereas fast fibers display a graded range of functional properties according to the scheme 2A72X72B, with MyHC-2A having the slowest and 2B the fastest shortening velocity, and 2A being oxidative and fatigueresistant and 2B glycolytic and easily fatigable. The slow and the various fast fiber phenotypes result from the concerted activation of complex gene programs comprising various contractile proteins and metabolic enzymes. Fast and slow motor unit firing patterns are transduced into different gene programs within the myofibers, but the specific effector signaling pathways have been only partially elucidated. Myogenic regulatory factors such as MyoD and myogenin are differentially expressed in fast and slow fibers (3), and a MyoD-binding E-box is necessary for the expression of MyHC-2B (4). Also, dephosphorylation of MyoD occurs in response to fast nerve activity and drives the expression of fast MyHCs (5) . Myocyte enhancer factor (MEF)2 has also been linked to a slow fiber phenotype, because inhibition of MEF2 suppresses the formation of slow fibers (6) . The phosphatase calcineurin (Cn) and its target, the nuclear factor of activated T cells (NFAT) (7, 8) , have been linked to slow fibers, because Cn inhibition with the immunosuppressive drugs Cyclosporin A and FK506 results in a shift from a slow to a fast phenotype (9, 10) . Also, inhibition of Cn/NFAT interaction by using the peptide VIVIT causes a slow to fast fiber transition (11) , and transgenic mice with muscle-specific overexpression of Cn exhibit increased slow fiber content (12) . During development, the slow fiber phenotype depends on the transcription factor Sox6 (13) and independent of Cn, yet becomes strictly dependent on Cn in the postnatal period, when motor neuron activity becomes prevalent (14) . NFAT is a family of 4 transcription factors, NFATc1, c2, c3, and c4, regulated by Cn through dephosphorylation of multiple serine/threonine residues, leading to nuclear translocation and eventually DNA binding. Targeted disruption of NFATc1, c2, and c3 has demonstrated that these factors are fundamental in lymphocytes, but less information is available on their specific roles in muscle. NFATc1 knockout is embryonic lethal due to defects in cardiogenesis (15) , whereas the knockouts of NFATc2 and c3 result in muscle atrophy and only minor, if any, alterations in fiber composition (16, 17) . Mice with targeted disruption of NFATc4 exhibit no known phenotype (18) .
The aim of the present study was to determine whether different NFAT family members have specific roles in fiber type specification in adult skeletal muscle. We have carried out an in vivo analysis of NFAT isoform-specific silencing by RNAi, by transfecting adult skeletal muscle in situ in living rats. We propose that graded activation of different NFAT family members is an important determining factor for activity-dependent muscle fiber specification.
1 A shows that all 4 NFAT isoforms are expressed in adult muscle in vivo and ex vivo. The presence of all 4 NFATs was confirmed at the protein level by Western blotting (WB). All NFAT proteins were expressed in soleus, EDL, and isolated muscle fibers (Fig. 1B) . Multiple bands likely indicate the presence of different isoforms and phosphorylation states as previously observed (20) .
To localize all NFATs in adult muscle, we analyzed soleus and EDL by immunohistochemistry (IHC) with NFAT isoformspecific antibodies. The staining specificity was assessed by overexpressing in vivo each NFAT isoform fused to GFP and staining serial sections with all NFAT antibodies (Fig. S2a , Table  S1 ). NFATc1 was localized in the nucleus in most fibers in soleus, whereas a very low nuclear signal was detected in EDL; thus, confirming our previous observations with NFATc1-GFP (21). NFATc2 and NFATc3 showed a low, but detectable nuclear signal both in soleus and EDL. Surprisingly, NFATc4 showed a very strong nuclear accumulation in both muscles ( Fig. 2A) , clearly detected also in longitudinal sections (Fig. S2b) . Some interstitial nuclei were also stained with all NFAT antibodies.
We also analyzed the nucleocytoplasmic distribution of each NFAT by cell fractionation (Fig. S2c) . NFATc1, c2, and c3 could be detected both in nuclear and cytosolic fractions in both muscles, with NFATc1 being more nuclear in soleus. However, NFATc4 was highly enriched in the nuclei in both muscles, and showed only a minor cytosolic signal, confirming the IHC data. The difference in nuclear NFATc1 between soleus and EDL was stronger when analyzed by IHC than by WB. However, it should be kept in mind that also nonmuscle nuclei are abundant in nuclear fractions of skeletal muscle, and they likely give a background signal reducing the difference. To confirm the nuclear localization of NFATc4, we stained adult muscle fibers in culture with anti-NFATc4 Ab. Specific staining of NFATc4 in the nuclei of resting FDB fibers was confirmed by the decreased staining on treatment with the Cn inhibitor FK506. NFATc1 was cytosolic in resting FDB fibers in culture as previously reported (19) , but translocated to the nucleus in response to caffeine (Fig.  2B ).
Fiber Type Specific Transcriptional Effects of NFAT Isoforms. We selectively knocked down the expression of each NFAT isoform by RNAi to define their role in adult muscle. The selected siRNA sequences were cloned in the pSuper vector and proven to be specific only for the target NFAT while leaving all other isoforms unaffected ( Fig. 3A; Fig. S3a ). Transfection of the siRNAs in adult muscle caused down-regulation of endogenous NFATs both at the RNA and protein level ( Fig. 3 B and C), which was also detected by a specific NFAT sensor (Fig. S3b) .
We asked whether the 4 NFATs may be part of the machinery that translates different patterns of neuronal activity into fiber type specific gene programs. To verify this hypothesis, we used reporter constructs consisting of portions (Ͼ0.8 kb) of the promoters of the 4 adult MyHC isoforms, namely slow, fastoxidative 2A, Ϫ2X, and fast-glycolytic 2B, respectively, linked to luciferase. These constructs are fiber type specific and activitydependent (20, 22, 23) . MyHCs are the main determinants of the contractile properties, and their fiber-specific expression ultimately defines fiber type. These constructs allow detection of rapid variations in MyHC gene transcriptional regulation. We monitored the activity of MyHC reporters cotransfected in adult muscles with the NFAT isoform-specific siRNAs.
Fig . 4A shows the effect of NFAT gene silencing on the MyHCslow promoter, which depends on slow nerve activity (23) . Interestingly, the expression of MyHC-slow was controlled by NFAT in a more complex way than previously thought, because all 4 NFAT isoform-specific siRNA showed a strong inhibitory effect. This result suggests that the 4 NFAT isoforms are used to modulate the expression of MyHC-slow in adult muscle, and that their role is nonredundant under these conditions.
We then analyzed the expression of the 3 fast isoforms of MyHC in EDL. MyHC-2A, which characterizes fast-oxidative fibers, does not need NFATc1 for its expression, as indicated by the fact that the siRNA against NFATc1 did not influence the expression of the MyHC-2A promoter-reporter construct. However, NFATc2, c3 and, c4 seem to be fundamental determinants of the expression of MyHC-2A, because the corresponding siRNAs were very powerful transcriptional inhibitors (Fig. 4B) . Expression of MyHC-2X appears to be controlled by the same combination of NFAT family members needed for MyHC-2A (Fig. 4C) . A difference was seen in the relative influence of NFATc3, which was stronger on MyHC-2A than 2X (compare Fig. 4 B and C) . The observation that MyHC-2A and -2X are controlled by the same combination of NFATs is not unexpected, because rat EDL contains Ϸ20% of hybrid 2A/2X fibers expressing both MyHCs (24) .
We finally analyzed the expression of MyHC-2B, which characterizes the fastest and fully glycolytic fibers. Our results indicate that this MyHC is under a unique regulatory control by NFAT, because only the NFATc4-specific siRNA had an inhibitory effect, whereas the siRNAs for the other isoforms yielded results indistinguishable from control (Fig. 4D) . Thus, NFATc4 is the only necessary isoform for the expression of MyHC-2B in skeletal muscle in vivo.
Together, these results suggest that: (i) NFATc1 is a specific determinant of slow muscle gene expression; (ii) different combinations of NFAT family members are implicated in the activity-dependent transcription of the various MyHC isoforms; and (iii) there is a graded nuclear recruitment of NFAT transcription factors modulating the promoters of activity-dependent genes, ranging from MyHC-slow, which requires all 4 NFATs, to MyHC-2B, which uses only NFATc4. The regulation of MyHC promoters by NFAT may also be indirect, because mutation of a NFAT site in a short form of the MyHC-slow promoter did not abolish the sensitivity to the inhibitor peptide VIVIT (Fig. S4) .
Activity-Dependence of NFAT Isoforms. The nucleocytoplasmic distribution of NFAT is an indicator of its activation state, because nuclear accumulation is the result of dephosphorylation and activation by Cn. If NFAT isoforms are regulators of activitydependent muscle gene programs, then their localization must be different in fast and slow muscles (Fig. 2) , and differentially sensitive to the electrical activity of the plasma membrane that characterizes fast and slow muscle fibers. To address this issue, we analyzed the nucleocytoplasmic distribution of NFAT isoforms in response to electrical stimulation of the peroneal nerve in EDL. We used 2 stimulation patterns (25): (i) slow pattern (200 pulses, 20 Hz every 30 s); and (ii) fast high amount pattern, possibly corresponding to the firing patterns of motor neurons innervating 2A/2X fibers (25 pulses, 100 Hz every 60 s). The slow pattern characterizes slow motor units, which, in postural muscles such as soleus, have been estimated to be active Ϸ30% of the day. The fast pattern resembles the behavior of fast motor units and generates more force per twitch, but is comparatively a ''low amount'' type of activity (26) . Slow/20 Hz stimulation readily induced the translocation of NFATc1, c2, and c3 to the nucleus (see arrows in Fig. 5A ), whereas NFATc4 is already nuclear. Therefore, under this condition, all 4 NFAT isoforms are accumulated in the nucleus, which neatly complements the observation that all 4 NFATs are required for the expression of MyHC-slow. However, an EDL stimulated at 100 Hz showed a nuclear accumulation of NFATc3 and c4, and, in a fraction of nuclei, of NFATc2. This combination of NFAT isoforms found in the nucleus under 100-Hz stimulation is similarly complemented by results from the RNAi experiments for MyHC-2A/-2X (Fig. 4) . It is intriguing that NFATc3 shows a clearly distinct activity-dependence from NFATc1, in that it translocates to the nucleus in response both to a slow and to a fast-like pattern of activity ( Fig. 5; Fig. S5 ).
Effects of Silencing of NFAT Isoforms on Endogenous Genes.
To prove that NFAT isoforms exert the same effects on endogenous genes, we analyzed the expression of MyHC-slow in regenerating muscle. An intramuscular injection of bupivacain was used to induce muscle necrosis, followed by a conservative regeneration recapitulating myogenesis within a few days. MyHCs are, thus, produced ex novo, which circumvents the problem of preexisting MyHC masking the effect of siRNAs. When regenerating soleus was transfected with the siRNA of the 4 NFAT isoforms, a clear inhibition in the expression of MyHC slow was seen in all cases (Fig. 6) , whereas a control (LacZ-specific) siRNA had no effect. Not all fibers transfected with the NFAT-specific siRNAs were completely negative for MyHC-slow (see quantification in Fig.  S6 ). This result may be due to different expression levels of the siRNA in the fibers. We obtained similar results with the general NFAT inhibitor peptide VIVIT (11) . Interestingly, fibers in which MyHC-slow expression was strongly reduced showed a relative up-regulation of MyHC-2A, indicating fiber type transition, rather than just the inhibition of MyHC-slow (Fig. S6) . Brightfield images show that morphology was comparable in muscles transfected with control and NFAT-specific siRNAs, indicating that down-regulation of MyHC was not due to inhibition of regeneration. These observations confirm the data obtained with the MyHC promoter constructs and further substantiate our hypothesis that MyHC gene expression and muscle fiber type depend on the specific nuclear import of NFAT family members in response to motor neuron activity.
Discussion
Cn is an important regulator of muscle differentiation in cultured muscles cells and of fiber type diversification in adult muscle. However, the role of the different NFAT isoforms in these processes has been comparatively less investigated, and diverging results were reported (see also SI Materials Methods). Abbott et al. (27) found that thapsigargin causes NFATc3 nuclear translocation in myoblasts, but not myotubes, whereas NFATc1 and c2 translocate to the nucleus in myotubes, but not in myoblasts. In contrast, Delling et al. (28) reported that both thapsigargin and activated Cn cause nuclear translocation of NFATc3, but not c1 and c2 in myoblasts, and that NFATc3, but not c1 or c4, enhanced myogenic differentiation induced by MyoD. In adult muscle fibers, translocation of NFATc1 is induced by slow, but not fast electrical stimulation (19, 21) , and the NFAT role in activity-dependent fast-to-slow fiber type switching was demonstrated by using transfection in vivo with constitutively active NFATc1 and with the NFAT inhibitor VIVIT (11) . However, the role of the NFATc2, c3, and c4 has not been defined. Here, we examine the role of all 4 NFAT isoforms in adult skeletal muscle, and show that (i) nucleocytoplasmic localization of NFAT family members is differentially sensitive to the electrical activity of the plasma membrane, and that (ii) different combinations of NFAT family members are necessary to specify transcription not only of slow, but also of fast MyHCs.
NFATs are expressed in many embryonic and adult tissues, and examples of cooperation between NFAT family members both in a synergistic (29, 30) and antagonistic way (8, 31) have been reported. Some controversy exists as to whether all NFAT isoforms are expressed in skeletal muscle. The presence of all 4 NFATs has been shown at the RNA (32) and protein level (33) . However, some studies could not detect the expression of NFATc3 and c4 (20, 27) . Here, we document the expression of all 4 NFATs in adult skeletal muscle, and explore their individual function in activity-dependent gene regulation.
Our data show that transcription of a slow muscle-specific gene, MyHC-slow, is controlled in a cooperative way by all 4 NFAT family members in vivo. This result was obtained both by using a MyHC-slow reporter construct (Fig. 4A ) and by analyzing endogenous MyHC (Fig. 6) . We have previously shown that a constitutively active NFATc1 is sufficient for the induction of MyHC-slow, and that it also represses MyHC-2B (11). We hypothesize that nuclear import of NFATc1, which is driven by slow nerve activity, shifts the specificity of the transcriptional machinery toward slow muscle genes by adding a necessary combinatorial partner to the preexisting assembly of NFATc2, c3, and c4, which specifies fast gene transcription (Fig. 4 B-D) .
It remains to be established whether the cooperative interactions between NFAT family members occur by protein-protein interaction between NFATs or with other transcriptional partners, such as MEF2, AP1 (34), or MyoD (35) . We show here that NFATs may act indirectly, because mutation of 1 NFAT consensus sequence in a short stretch of the MyHC promoter does not change its sensitivity to the inhibitor peptide VIVIT (Fig.  S4 ). NFAT could act by protein-protein interaction and/or through the expression of other transcription factors that bind to the MyHC promoters. Indeed, NFAT transcription factors can form heterodimers, due to the structural homology of their DNA binding domain to the Rel domain, but also homodimers at quasi-palindromic sites that resemble NF-B binding motifs (36, 37) . Also, it is possible that different NFAT elements in Fig. 6 . All NFAT isoforms are necessary for the expression of MyHC-slow in regenerating muscle. Regenerating soleus was cotransfected with NFAT isoform-specific siRNAs and SNAP-GFP at day 3 after myotoxic damage induced with bupivacaine. Analyses were performed 1 week later. Serial cross-sections were stained with antibodies specific for MyHC-slow and GFP or with hematoxylin/eosin (H&E).
muscle gene promoters preferentially bind one or another NFAT isoform (7) . Intriguingly, our data show that a common trait of all fast MyHC genes is their independence from NFATc1. In the presence of siRNAs specific for NFATc1, the expression of MyHC-2A, -2X, and -2B is indistinguishable from control (Fig.  4 B-D) . It is tempting to speculate that the lack of nuclear NFATc1, and of its repressive action on fast genes, is also a generally permissive state for the expression of fast MyHCs (Fig.  4) . Indeed, NFATc1 represses troponin I-fast (TnIf) in slow muscle fibers by binding to a single NFAT consensus sequence. However, in that study, silencing of NFATc1 results in ectopic expression of TnIf in a slow muscle (38) . We do not observe similar ectopic effects for MyHCs, which may be because, in contrast to the TnIf enhancer, the promoters that we analyze contain numerous NFAT consensus sequences.
We also observe differences among fast fibers in the requirement for NFAT isoforms. In particular, the expression of MyHC-2A and -2X is inhibited by siRNAs for NFATc2, c3, and c4 (Fig. 4 B and C) , whereas fast-glycolytic MyHC-2B is only inhibited by siRNAs for NFATc4 (Fig. 4D) . We hypothesize that fiber type transitions, occurring in the sequence IIB7IIX7IIA7type I, are paralleled by a graded recruitment of NFAT isoforms ranging from NFATc4 alone to a combination of 4 members (Fig. S7) . Such a combinatorial mechanism requires that NFATs have graded sensitivity to nerve activity. Indeed, the data in Fig. 5 provide evidence that NFAT family members respond differently to activity. When EDL is stimulated with a 20-Hz pattern, similar to that of slow motor neurons, nuclear accumulation of all 4 NFATs can be observed. Conversely, on fast-like stimulation at 100 Hz, NFATc1 is cytosolic, whereas the remaining isoforms are nuclear and, presumably, contributing to the transcription of fast MyHCs. In terms of calcium increases, fast-like stimulation causes higher peak calcium concentrations than slow-like stimulation (39, 40) . However, slow stimulation is essentially continuous (26) , and the calcium reuptake phase is presumably not completed before the beginning of the next transient. As a result, summation occurs in slow (but not fast) fibers leading to a low, but sustained increase in average calcium concentration, which is known to strongly activate Cn (41) . Indeed, NFATs have been shown to act as integrators of calcium signals and to decode variations in the frequency of calcium spikes (42, 43) . Our results suggests that NFATc4, c3, and c2 are transcriptionally active in fast muscles, i.e., in response to less frequent calcium transients and, presumably, lower Cn activity.
Our observation that NFATc4 is nuclear in skeletal muscle under all activity conditions analyzed was unexpected. One could speculate that NFATc4 is implicated in the default 2X/ 2B-fiber-based transcriptional program. The existence of a default-fast program independent of nerve activity has been demonstrated (44) by showing that denervation of newborn rats blocks the expression of MyHC-slow, but not of -2X and -2B, and the same is true in regenerating muscle (45) . However, the signals that control this activity-dependent switch are still unknown. We propose that NFATc4 could be a candidate, because it is mostly nuclear in skeletal muscle and controls the expression of fast genes. We did observe a predominantly cytosolic localization of NFATc4 in other tissues with our staining protocols (Fig. S2e) , as reported. Nuclear accumulation of NFATc4 in skeletal muscle might reflect the combination of rapid import and/or slow export. Differences in import/export mechanisms between NFAT isoforms have been documented (46) . NFATc1 is cytosolic in cerebellar granules in the presence of growth factors and KCl, whereas c4 accumulates in the nucleus under these conditions (47) . It was also reported that NFATc4 remains in the nucleus of hippocampal neurons after a brief calcium pulse, whereas in lymphocytes, it needs a sustained calcium signal (48) . These observations point to a tissue-specificity in the localization and activation of NFAT isoforms. Also, nuclear residence of NFATc4 is controlled not only by the phosphatase Cn, but also by the kinase RSK2, which directly causes NFATc4 nuclear import and stabilizes its interaction with DNA (49) . Importantly, a specific nuclear localization of NFATc4, but not other isoforms under resting conditions, has also been shown in cultured human myotubes (50) .
In conclusion, we have found one of the mechanisms whereby different patterns of activity are converted into muscle fiber type specific gene programs. We propose that specificity is achieved by sequentially recruiting NFAT isoforms to the nucleus in predictable combinations (Fig. S7) . A fundamental open question remains as to how different patterns of activity, and presumably different levels of Cn activity, can specifically activate individual NFATs (51) . It has been shown that the kinetics of NFAT dephosphorylation and nuclear residence vary between individual NFATs (41) . Different NFAT isoforms undergo calcium-induced nuclear translocation at specific stages of myoblast differentiation, suggesting not only specificity among NFAT isoforms in gene regulation, but, because these isoforms are all expressed during all stages, also in their import/export mechanism (27) .
Also, it has been demonstrated that individual NFATs can bind specific transcriptional interactors (9, (52) (53) (54) (55) , which could, in turn, affect their kinetics of nuclear residence. The complex relationship between calcium transients after fast and slow nerve activity, Cn activation, and nuclear import of individual NFATs awaits further mechanistic definition.
